The aim of this work was to investigate the influence of laser shock peening on the topography, microstructure, surface roughness and the mechanical properties of the Inconel 625 nickel alloy. Examination of the topography and microstructure of the nickel alloy after laser treatment was carried out by means of scanning electron microscopy as well as atomic force microscopy. The roughness of the surface was measured by WYKO NT9300 equipment. Nanohardness test was carried out using a nanoindenter NHT 50-183 of CSM Instruments equipped with a Berkovich diamond indenter. Additionally, transmission electron microscopy was used to examine the microstructural changes on the surface layer after laser treatment. The investigations showed that the laser process produced an ablation and melting of the surface layer and, hence, increased the surface roughness of the Inconel 625. On the other hand, the presence of the slip bands on the surface and on the cross section of the treated material, a high density of dislocations and a higher hardness of the treated region indicated that the laser shock processing caused severe plastic deformation of the surface layer. Additionally, due to the high plastic deformation, cracking of the carbide precipitates was observed.
Introduction
Laser shock peening (LSP) also known as laser shock processing is an innovative laser-based surface processing technique used to modify the surface of a metallic material, which causes compressive residual stresses and microstructural changes on the surface and within the depth of the metal (Ref [1] [2] [3] [4] . Often, LSP is used to treat many aerospace products, such as turbine blades, rotor components, disks, gear shafts and bearing components ( Ref 5, 6) .
In the LSP process, a laser beam hits the sacrificial coating on the surface of the metallic target and forms plasma, which rapidly expands and generates shock waves into the bulk (Ref 7, 8) . These shock waves induce compressive residual stresses into the metal and improve its fatigue life, which is very important in applications such as turbine blades of aircraft engines. When the induced compressive residual stresses reach the yield strength of the treated metal, plastic deformation occurs.
The main advantages of the LSP process are a greater residual compressive stress depth when compared to traditional mechanical shot peening and more flexibility in process control parameters. Furthermore, it is possible to apply LSP to only selected regions of a component, because of the ability to precisely control the position of the laser (Ref 9, 10). In the aerospace industry, LSP is an effective method to improve the mechanical properties and fatigue lives of key aerospace products, such as turbine blades and rotor components (Ref 11).
Nickel-based superalloys have excellent mechanical properties, especially at medium and high temperatures (Ref 12, 13) . These properties make nickel alloys widely used in aero-engine applications, such as turbine disks and blades. Therefore, many researchers have focused on mechanical properties, microstructure and fatigue life of the surface layer of nickel alloys induced by various methods such as mechanical shot peening ( Ref 14, 15) . However, there have been a limited number of studies carried out to understand the influence of LSP process on microstructure and properties of nickel alloys (Ref [16] [17] [18] . For example, Li et al. (Ref 16) studied the aero-engine turbine blade nickel K417 alloy and observed the microstructural change on the surface of the nickel-based alloy after LSP treatment. The authors demonstrated that a primary feature of the LSP strengthening mechanism in this nickel-based alloy is the synergistic effect of the nanocrystalline surface and the residual compressive stress. The residual stress relaxes with increasing annealing time (up to 150 min) at 530, 700 and 900°C for 150 min, but still remains adequately compressive at levels of 482, 347 and 161 MPa, respectively. Wang et al. (Ref 17) investigated the effects of LSP on microstructure and mechanical properties of K403 nickel alloy. The authors showed that after LSP of the K403 nickel alloy, the microhardness and residual stress were improved in a plastic deformation layer. Additionally, with increasing numbers of laser impacts, the effective depth of hardness and residual stress was also improved. Moreover, the authors revealed that the fatigue lives of samples subjected to three impacts increased by 244%. Nath et al. (Ref 18) studied the effect of LSP on the phase, residual stress and hardness of Hastelloy X superalloy. The authors studied the influence of the absorptive coating type on the stress level. They showed that tensile stresses were developed in the Hastelloy X superalloy when they were subjected to LSP without any absorptive layer. On the other hand, compressive residual stresses of 48 to 166 MPa were developed on the surface of Hastelloy X superalloy when they were laser shock peened with the aforementioned absorptive layers. A maximum compressive residual stress of 166 MPa was observed on the Hastelloy X superalloy when laser shock peened with an Al absorptive layer. Strain hardening was increased on the samples treated with an Al absorptive layer compared to a black vinyl tape. A maximum hardness of around 380 VHN was found with an Al absorptive layer compared to that of around 360 VHN for a black vinyl tape. However, they showed that dislocation densities were higher when the samples were laser shock peened without an absorptive layer, implying a higher plastic deformation in the sample.
Studies on LSP of the Inconel 625 superalloy were primarily focused on the mechanical properties and residual stress development. Karthnik and Stango analyzed the effect of LSP on mechanical properties, roughness of the surface, residual stresses and corrosion behavior of the Inconel 625 after LSP ( Ref 19) . Little or even no emphasis in the literature has been placed on a detailed microstructural characterization by TEM for this type of alloy system after laser treatment.
This paper describes how the topography, microstructure, surface roughness and mechanical properties (nanohardness) of the Inconel 625 nickel alloy are affected by LSP.
Materials and Experimental Procedures
The investigations were performed on the solid-solutionstrengthened Inconel 625 alloy in the wrought condition. The microstructure of the Inconel 625 before treatment was composed of carbides uniformly distributed in the c-austenite substrate. The chemical composition of the Inconel 625 is given in Table 1 . Before laser treatment, the surface of the investigated material was ground and polished to make the surface roughness Ra = 100 nm. Next, surfaces were coated with black paint as a laser-energy-absorbing layer and then immersed in water. Flowing water was used as a confining medium, and black paint was used as the sacrificial ablative coating.
For this application, a nanosecond Nd:YAG laser (Qswitched Powerlite Precision II 9010 DLS) operating in the 1064-nm wavelength range (first harmonic) and at a frequency of 10 Hz was used in the experiment. During the LSP process, the Inconel 625 sample was treated by a series of single laser shots. The diameter of the laser beam on the target was 4 mm, whereas the laser power density was 10 J/cm 2 . After LSP, the remaining black paint coating was stripped off with acetone.
The topography of the laser-treated surfaces and cross sections of the microstructure from the treated samples were examined by means of scanning electron microscopy (SEM, Hitachi S-3500 N) as well as atomic force microscopy (AFM, Veeco Dimension Ò IconÔ SPM). To precisely characterize the microstructure of the LSP-treated region, transmission electron microscopy observations were utilized (TEM, Philips CM20 and JEOL 200CX). Thin foils were prepared by mechanical grinding on the untreated sides to obtain thin plates. The disk centers were then dimpled down to 30-50 lm (also from the untreated substrate side). Finally, samples were electropolished to make them suitable for TEM observations.
Additionally, optical interferometry (Veeco Wyko NT 9300 profilometer) was used to examine surface roughness and the condition of the surface before and after LSP treatment. Measurements of surface roughness were repeated three times at each region.
Moreover, after the LSP treatment, nanohardness tests were conducted on the cross sections of the treated sample surfaces as well as the untreated material. Nanoindentation tests were performed using nanoindenter NHT 50-183 of CSM Instruments equipped with a Berkovich diamond indenter. Tests included cross-sectioned measurements with a step size of 5 lm, along the line perpendicular to the surface treated by LSP. A load of 15 mN was applied for each indentation.
Results and Discussion
A detailed analysis of the microstructure after LSP process was performed using SEM images of the surface. Figure 1 shows the topography of the investigated Inconel 625 alloy after laser shock processing. Even though the sample surfaces were coated with the absorbing layer (the black paint) to protect the surface of the material from direct ablation and to promote a better coupling with the laser energy, the SEM images of the treated material showed that similar to our previous studies concerning LSP, the laser treatment caused melting and ablation of the surface layer of the investigated material (Ref 2, 4).
The features most frequently observed on the surface after the LSP process appear as craters, holes and solidified droplets. They are most likely caused by material ablation during the process. However, a closer look at the laser-irradiated surface revealed the formation of a high density of slip bands (Fig. 1) . Additionally, slip bands were clearly visible on the cross section of the treated material after treatment in the near-surface region. The cross-sectional SEM image of the Inconel 625 after LSP is presented in Fig. 2 . Furthermore, the presence of slip bands was also confirmed by AFM. Figure 3 illustrates the AFM image of the Inconel 625 sample surface after LSP with a visible high density of slip bands (scanning area: 70 lm 9 70 lm). One of the interesting research findings is that cracking of carbides was observed after the LSP process both on the surface Fig. 4 . According to literature data ( Ref 2, 8) , in metallic materials such as steel, aluminum or titanium alloys with relatively good ductility and fracture toughness, LSP process has been successfully used to improve fatigue, wear and stress corrosion cracking resistance. However, in brittle materials such as oxides or carbides, LSP has not been widely used, and the effect of this process on these materials is still poorly understood. Zhang et al. (Ref 9, 20) investigated laser shocking of Al 2 O 3 ceramics and further studied the fracture morphology that formed from the strong laser shock processing. It was found that brittle fracture occurred at a laser pulse energy of 42 J. When the laser Probably, cracking of carbides in the investigated material occurs due to large plastic deformation, but one should remember that the consequence of the cracking of carbides may be the concentration of high compressive stress levels in their vicinity.
The surface roughness of the material was measured for both the untreated and the laser-shock-peened nickel alloys. The average roughness Ra (arithmetic average of the absolute values of the profile height deviations from the mean line) increased from 100 nm before treatment to 1 lm after LSP process. Figure 5 shows the 3D optical surface profile images of the untreated (a) and treated (b) samples. It is evident [and consistent with the literature (Ref 4, 5) ] that the LSP treatment increases the roughness of the surface. The increase in surface roughness is a consequence of the combined effect of the laser pulse pressure and the ablative nature of the laser process.
Typical TEM images of the near-surface microstructure of the specimen treated by LSP are shown in Fig. 6(a) and (b) . The dense slip bands (Fig. 6a ) formed under the dynamic conditions characteristic to LSP indicate that the formation of slip bands is easier under high-strain-rate conditions, which show qualitative agreement with cross-slip simulations made by Wang et al. (Ref 21) . Figure 6 (b) shows a fractured carbide particle (arrowed) stopping the crossing slip bands at an angle of 60°. It seems that the plastic deformation level reached a threshold value, fracturing the marked carbide. The crossing slip bands associated with precipitate shearing would be expected to give rise to crack initiation.
The The nanohardness values of the Inconel 625 measured on the polished cross sections without LSP treatment were approximately 270 HV. After the LSP process, the nanohardness measured near the surface increased to a value 350 HV. A Fig. 7 Nanohardness of the treated sample as a function of a depth 40% increase in hardness is associated with the high density of dislocations generated in the surface region in the irradiated spot during the LSP process as well as a high density of slip bands. The graph illustrating the variation of the nanohardness of the sample as a function of a depth is presented in Fig. 7 . As the depth exceeds 80 lm, the nanohardness tends to be constant. A similar trend that hardness increases after the LSP process was also observed in previous reports on various alloys after laser shock peening (Ref 26).
Conclusions
In this paper, the linkage between microstructure, deformation mode and hardness has been examined and discussed. In all cases examined, the deformation is localized within a rather large number of deformation bands. The following conclusions can be drawn from this study:
• The laser shock processing produced melting and ablation of the surface layer of the treated material; however, the presence of dense slip bands on the surface and on the cross section of the treated material as well as a high density of dislocations indicated that severe plastic deformation appears in the surface layer of investigated material after LSP process. • Due to the plastic deformation, cracking of carbides by crossing slip bands associated with precipitate shearing was observed. • The surface of the treated material was roughened by the LSP process. • The values of nanohardness in the laser-shocked region were clearly higher than those in the non-shocked region. The enhancement of LSP on the nanohardness of Inconel 625 nickel alloy was mainly due to the high density of slip bands and dislocations. • Below the surface, the shock hardening effect decreases with increasing distance from the surface.
